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We revisit astrophysical constraints on models with an ultra-light gravitino, in particular extend-
ing the analysis to more general models and the case of R-parity breaking. These constraints allow
to restrict the value of the gravitino mass depending on the masses of scalar moduli. We perform
both a frequentist and bayesian analysis and we find comparable results, even if the bayesian anal-
ysis is in part affected by volume effects. Only a small window of gravitino masses can be excluded
by the SN constraints in a model-independent way, while limits obtained with a definite assumption
on the scalar masses result more stringent.
I. INTRODUCTION
Cosmology and astrophysics are among the most suc-
cessful probes for very weakly interacting particles within
extensions of the Standard Model of Particle Physics.
Indeed a substantial part of our knowledge also about
the more weakly interacting Standard Model particles,
the neutrinos, comes from cosmological and astrophysi-
cal data.
Particularly interesting is the case of the gravitino, the
superpartner of the graviton in supergravity extensions of
the Standard Model. For such particle the couplings are
all set by the symmetry and cannot be modified easily.
It was therefore realized very early on, that gravitinos
can be very dangerous long-lived relics in the early uni-
verse if they are not stable. This is often referred to as
the gravitino problem in cosmology [1, 2]. Of course the
other possibility is for the gravitinos to be the lightest su-
persymmetric particle and in that case they can also suc-
cessfully play the role of Dark Matter [3–7]. We are here
instead interested in a different scenario, where the grav-
itinos are ultra-light, with masses much smaller than the
electroweak scale or even the other SM particle masses.
In that case gravitinos can be in thermal equilibrium and
survive as thermal relics, but they play practically no role
in cosmology, since their energy density is negligible. An
ultralight gravitino can be naturally obtained in super-
symmetric models of the no-scale type and gives rise to
a very interesting phenomenology thanks to its enhanced
couplings [8–13], as we will review in sec. III A. In that
case, thanks to the large interaction with normal mat-
ter, astrophysics provides the possibility to constrain the
scenario. Indeed astrophysical object like stars and Su-
pernovae are highly sensitive to any additional cooling
mechanism, apart for neutrino emission, and have been
exploited in the past to put limits on new particles, e.g.
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in the case of axions [14].
In the past various approaches to restrict an ultra-light
gravitino through astrophysical observations have been
made. Some early constraints on its mass were derived
from cosmology, more precisely from Big Bang Nucle-
osynthesis (BBN). It was shown that BBN allows either
a light gravitino < 1keV or a very heavy one [3, 15].
These investigations have been revisited in 1993 by Mo-
roi [16] and four years later again by Gherghetta [17, 18].
Other studies investigated the possibility of exotic cool-
ing of stars, red giants and white dwarfs [19, 20]. These
limits were reviewed in [21], where it is shown that the
limits depend as well on the masses of the scalar partners
of the gravitino.
Our analysis is based on [22], wherein we revisited and
generalized some of the results obtained by Grifols, Mo-
hapatra and Riotto during the ’90s [23, 24]. They were
able to exclude a gravitino mass range covering a few
orders of magnitude in the ultra-light mass regime from
the SN1987A observation. The exact mass interval how-
ever depends on the masses of the sgoldstinos, the scalar
superpartner of the goldstino field, which are model-
dependent. In the early works [23] such fields were implic-
itly assumed to be massless. Moreover most of these re-
sults were obtained assuming a specific relation between
the sgoldstino’s coupling parameters c and d and the
photino and gravitino mass, namely c · d = mγ˜m3/2 , where
m3/2,mγ˜ are the masses of the gravitino and photino re-
spectively. However this kind of relation does not have
to occur in general models.
We generalize here previous results by performing a full
parameter scan in the model-dependent parameters such
as the sgoldstino masses and couplings. Moreover we
consider also possible effects of R-parity breaking, that
opens up the possibility of a single-gravitino production
channel.
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2II. THE ENERGY LOSS ARGUMENT AND
CONSTRAINTS FROM SUPERNOVAE
A core collapse of stars with masses larger than a few
solar masses can trigger a giant stellar explosion called a
Supernova. Its dynamics can be explained by a “bounce-
and-shock” model1. At the end of the star evolution
the iron core can no longer release energy via fusion
and remains stable as long as the electron degeneracy
pressure balances the gravitational pressure. However,
once the core mass exceeds the Chandrasekhar limit of
M ≈ 1.44M it becomes unstable and starts to collapse.
Shortly afterwards, the gravitational binding energy
Eb ∼ 3
5
GNM
RSN
= 1.6× 1053
(
M
M
)(
RSN
10km
)−1
erg (1)
gets released. A large fraction of this energy is emitted
in the form of neutrinos. In Eq. (1) RSN ∼ 10 km is the
core radius.
On February 23th 1987 the blue giant Sanduleak-69202
in the Large Magellanic Cloud exploded in a Supernova
that was named SN1987A. It is the first, and so far the
only Supernova, for which the emitted neutrinos have
been observed directly. They have been detected by
Kamiokande II and IMB [26, 27]. Models of gravitational
collapse [28, 29] allow to estimate the neutrino energy re-
leased by SN1987A as
Eν > 2× 1053erg . (2)
Combining Eqs. (1) and (2), one finds the upper limit
LX < 10
52 erg
s
(3)
on the luminosity LX which can be produced by anoma-
lous cooling mechanisms present in SN1987A. Many
models for physics beyond the Standard Model predict
new light weakly interacting particles which can in prin-
ciple contribute to LX .
At this point we mention that constraints from anoma-
lous SN cooling can also been found for other proposed
light particles such as axions [25, 30] and sterile neutri-
nos [31]. Furthermore it is also possible to apply the en-
ergy loss argument to alternative astrophysical settings
such as massive stars with 8−10 solar masses, which has
been done for axions in 2012 [32]. In this paper we focus
on Supernovae, since they reach a larger core tempera-
ture compared to stars and are therefore expected to give
the strongest constraints. We compute in the following
the contribution to LX generated by ultralight graviti-
nos production via photon collisions during a Supernova
of type II and we apply the constrain given in Eq. (3).
1 For more details on SNe and SN cooling we refer to the textbook
[25].
As derived in Appendix A, the constraint is given as a
function of the gravitino production cross-section as
LX >
4V
(2pi)6
∫
d3p1d
3p2 e
−(p01+p02)/T (p01 + p
0
2)
p1 · p2
p01p
0
2
× σ(γγ −→ G˜G˜) , (4)
where p1, p2 are the momenta of the incoming photons,
nγ(pi) has been approximated by e
−p0i /T and the factor
4 comes from the two possible photon polarizations.2
The described argument applies only if the gravitinos
produced at SN1987A escape the Supernova core and
carry away energy. If the gravitino-matter coupling is suf-
ficiently strong, the gravitino mean-free-path λmfp could
be short enough for the gravitinos to diffuse inside the Su-
pernova core. If the gravitinos are trapped inside the core
radius RSN ∼ 10 km for longer than ∼ 1 s, their energy is
depleted by neutrino emission and the gravitino luminos-
ity is again compatible with LX < 10
52erg/s. Trapped
gravitinos random-walk through the core and cover a dis-
tance ∼ √Nλmfp in a time interval λmfpN/c, where N
is the number of gravitino scatterings. Hence, we obtain
the lower bound for λmfp,
λmfp ≥ R
2
SN
c(1 s)
≈ 0.3 m . (5)
The limit (3) applies therefore for gravitino mean-free-
paths larger than (5) only. In this paper we investigate
how Eqs. (3) and (5) constrain the parameter space of the
effective theory of ultra-light gravitinos that we introduce
in the next section.
III. THEORETICAL FRAMEWORK
In this section we briefly introduce the theoretical
framework assumed in Sec. V B deriving limits on the
gravitino mass from Supernovae observations. Our gen-
eral results for the cross-sections used in the analysis are
given in Eqs. (24) and (28), obtained here for the first
time.
A. Gravitino Lagrangian
We start here with the effective Lagrangian for a locally
supersymmetric version of QED with broken SUSY and
conserved R-parity, which was first derived in [33, 34].
It inherits a canonical Ka¨hler potential, a vanishing
cosmological constant and has been studied by vari-
ous authors in the context of gravitino phenomenology
[17, 18, 23, 24, 34, 35]. The matter fields χiL and φ
i, the
2 This expression differs exactly by the factor 4 compared to the
one used previously in [23].
3gauge fields Aµ (of field strength Fµν) and λ, and the
gravitino ψµ, as well as their interactions are described
by the following Supergravity Lagrangian 3,
e−1L = −M
2
P
2
R− 1
2
e−1κλµνψκγ
5γλDµψν
+
i
2
m3/2ψασ
αβψβ − 1
4
FµνF
µν
+
i
2
λ
(a)
[γµDµ −mγ˜ ]λ(a) +DµφiDµφ∗i −mφiφ∗iφi
+ iχiLγ
µDµχ
i
L −
1
2
mχi
(
χcL
i
χiL + h.c.
)
− i√
2MP
(
Dµφ
∗iψνγ
µγνχiL −DµφiχiLγνγµψν
)
− 1
4MP
ψµσ
ρσγµλ Fρσ +O(M−2P ) , (6)
where MP = 2.2× 1018 GeV is the reduced Planck mass
and R is the Ricci scalar. The covariant derivatives are
given by
Dµφ
i = ∂µφ
i + iQiAµφ
i ,
Dµχ
i
L = ∂µχ
i
L +
i
4
ωµabσ
abχiL + iQiAµχ
i
L ,
Dµλ = ∂µλ+
i
4
ωµabσ
abλ ,
Dµψν = ∂µψν +
i
4
ωµabσ
abψν . (7)
Here Qi is the charge of the field on which the covariant
derivative acts, and ωµab is the spin connection.
The value of the gravitino mass m3/2 heavily depends
on the SUSY breaking scheme. Certain models, such as
no-scale models [37–39] and models with gauge-mediated
SUSY breaking (GMSB) [40–42] allow the gravitino to be
very light. As we will see below, a very small value of
m3/2 is a phenomenologically attractive possibility, since
it enhances the gravitino interactions, which are other-
wise suppressed by the small gravitational coupling con-
stant 1/MP [8].
A massive gravitino obtains its ± 12 helicity states by
absorbing the goldstino field via the Super-Higgs mech-
anism [33, 43–46]. If the gravitino mass is very small
compared to the energy scale of the relevant processes,
its ± 12 helicity states dominate in the transition ampli-
tudes (with some exception discussed below), and the
gravitino effectively behaves like a massless goldstino. In
this case the gravitino ± 32 helicity states are negligible
in the calculations. This result is a consequence of the
SUSY equivalence theorem [47]. In the limit in which
the equivalence theorem applies, we can approximate the
3 Throughout this paper we employ the conventions established
in [36], notably we choose (+−−−) as metric signature, fix the
sign of the Levi-Civita symbol via 0123 = −1 and set c = h¯ =
kB = 1.
gravitino field ψµ as
ψµ ∼ i
√
2
3
1
m3/2
∂µη , (8)
where η is the spin- 12 goldstino. The small m3/2 term in
the denominator of (8) leads to an enhancement of the
gravitino interactions. In certain models this enhance-
ment of the gravitino interactions affects also the sgold-
stinos, the scalar superpartners of the goldstino. In con-
trast to the goldstino, the sgoldstinos do not disappear
from the physical spectrum. They can be very light, with
masses of the order of the gravitino mass [48, 49], or also
much heavier. Indeed, light sgoldstino are generally very
long-lived and can be problematic for cosmology, so that
heavy sgoldstinos are favoured from that point of view.
In general though, the scenario with an ultralight grav-
itino could not only allow observations of gravitational
effects due to the gravitino, but also due to new particles
from the hidden SUSY breaking sector.
In using Eq. (8), we implicitly neglect terms suppressed
by powers of m3/2 higher than −2 in the gravitino polar-
ization tensor (see Eq. (9) below). In the case of processes
with more than one external gravitino, and involving sev-
eral diagrams exhibiting different dependencies on m3/2,
these higher order terms are not negligible. Rather than
using the complete spin-3/2 polarization tensor Π±µν(k),
given e.g. in [50], it is convenient to expand Π±µν(k) in
powers of m3/2,
Π±µν(k) ≡
1
m23/2
Π(2)µν (k)±
1
m3/2
Π(1)µν (k) + Π
(0)
µν (k)
+O(m3/2) , (9)
performing then a careful m3/2 power counting in the
relevant amplitudes, and identifying so the leading con-
tributions to the observables. In Eq. (9), we denote by
Π
(n)
µν (k) the coefficient of the m
−n
3/2 term in this power
series expansion. With this notation, m−23/2Π
(2)
µν (k) corre-
sponds to the polarization tensor resulting from Eq. (8).
B. Supersymmetry breaking and the goldstino
multiplet
As we have seen, the scalar partners of the goldstino
remain as physical fields in the spectrum and they can
be as light as the gravitino. We can write the general
4effective sgoldstino Lagrangian as follows
e−1Lsgoldstino = 1
2
(
∂µS∂
µS −mSS2 + ∂µP∂µP −mPP 2
)
+
c
4MP
FµνF
µνS + i
d
2MP
m3/2ψµσ
µνψνS
− c
8MP
e−1µνρσFµνFρσP
− i d
4MP
µνρσψµγνψρ∂σP +O(M−2P ) .
(10)
In Eq. (10), the scalar and pseudo-scalar fields, respec-
tively S and P , are the real sgoldstino components [34]
given by
S =
1√
2
(φS + φ
∗
S) , P =
1√
2i
(φS − φ∗S) , (11)
where φS is a scalar component of the ΦS chiral multi-
plet in the hidden sector, whose non-vanishing F -term
breaks supersymmetry. The sgoldstino couplings con-
stants c and d are model dependent, but can be related
to other SUSY breaking parameters in specific scenar-
ios as we will see below. They largely depend on the
ΦS-dependent contribution to the gauge kinetic function,
on the Ka¨hler potential and on the superpotential. Also
model-dependent are the sgoldstino masses. In fact, even
if the sgoldstino direction is univocally determined by the
SUSY breaking direction in the scalar field space, the
scalar mass matrix is often non-diagonal and the sgold-
stinos in general mix with the other moduli fields, so that
they are not in general eigenstates of the scalar mass
matrix (see e.g. [51–53] for constraints arising from the
scalar mass matrix in Minkowski and de-Sitter vacua).
We will consider the Lagrangian given above to include
in an effective way the presence also of those additional
scalars. Indeed the presence of many scalar can be ap-
proximated by an appropriate increase of the gravitino-
scalar couplings. In deriving limits on the gravitino mass,
we assume the Lagrangian (10), with mS and mP , and
the product of coupling constants c·d, as free parameters.
We now provide examples for how (10), and in partic-
ular m3/2, can be generated in specific models for super-
symmetry breaking. Though to specify the mechanism of
supersymmetry breaking and mediation is not necessary
in our model-independent study, it can allow to explicitly
relate m3/2 to the scale of supersymmetry breaking and
then to the rest of the supersymmetric spectrum.
The mechanism responsible for supersymmetry break-
ing is yet unknown, but we can consider two general
classes of models, depending if the breaking is mainly
due to the superpotential, F -term breaking, or the gauge
sector, i.e. D-term breaking. We will here shortly re-
view the prediction for the mass spectrum and sgold-
stino couplings in the first case. In the case of D-term
breaking of supersymmetry, in order to obtain a vanish-
ing cosmological constant, also a non-vanishing super-
potential W and therefore F -terms are present at the
minimum, leading to a combined D-term and F -term
breaking, where often the F -term dominates [54, 55]. If
supersymmetry is broken by non-vanishing F -terms for
some of the chiral multiplets, the goldstino field is the
corresponding combination of the fermionic partners, i.e.
η =
∑
i Fiχ
i
L/
√∑
i |Fi|2. Very often one approximates
this picture by assuming that one single chiral multiplet
breaks supersymmetry and then the goldstino is simply
η = χS .
A simple computable model of this type is the Polonyi
model [56], based on a chiral multiplet ΦS in the hidden
sector with canonical Ka¨hler potential and the superpo-
tential
WP = M
2
S(ΦS + β) (12)
where MS is the scale of SUSY-breaking, since the ΦS
F-term is FS = M
2
S , and the constant β = −(2−
√
3)MP
is chosen to ensure zero vacuum energy at the potential
minimum. In this simple case the sgoldstinos are just the
scalar and pseudoscalar components of the ΦS superfield
as given above and their masses are of the order of the
gravitino mass:
mS ,mP ∼ m3/2 ∼ M
2
S
MP
. (13)
In this scenario all the moduli fields of the theory gain
similar masses via gravity mediation, giving rise to a mul-
tidimensional non-diagonal scalar field mass matrix. The
goldstino direction is in general not an eigenstate of such
a matrix and therefore non-trivial mixings can arise in the
scalar sector. Also the gauginos obtain a mass via gravity
mediation of a similar order, if the gauge kinetic function
has a dependence on ΦS . For an ultralight gravitino such
a light mass spectrum is long excluded by collider bounds
on the mass of the SM superpartners.
Another popular mechanism of mediation, providing a
large mass splitting between the SM superpartners and
the gravitino, is gauge mediation [57]. This mechanism
can be easily embedded in the model (12) just by adding
a coupling of the Polonyi field to SM charged messengers
as (λΦS + MΦ)ΦjΦ¯j with j = 1, ...N [58, 59]. Then the
gaugino and scalar masses are generated at one and two-
loop level respectively and read
Mi ∼ N αi
4pi
λM2S
MΦ
m20 =
∑
i
CR,iN
2
(
αi
4pi
λM2S
MΦ
)2
(14)
where CR,i are SM representation dependent con-
stants [58]. We see then that the ratio between the grav-
itino and the photino mass is given by
mγ˜
m3/2
∼ M1
m3/2
∼ N αi
4pi
λMP
MΦ
. (15)
Note that in the simplest model, barring cancellations,
the mass of the messengers is also given by the vacuum
expectation value of S by the term λ〈S〉 ∼ λMP , giv-
ing again masses of similar order. Assuming though the
5presence of more fields ΦS , it is possible to disentangle
the vacuum expectation value of the scalar field and the
F-term and obtain also very different ratios of masses.
We see that to have a large mass splitting allowing for
an ultralight gravitino we are therefore obliged to con-
sider more complicated hidden sectors and many very
light messengers, just around the electroweak scale.
Regarding the couplings between the sgoldstinos and
the QED gauge multiplet, they arise in gauge mediation
via a similar one-loop diagram to that generating the
gaugino masses, just substituting the F-term insertion
with a physical scalar field. We therefore expect in the
simplest case that the coupling c is given by
c
MP
∼ mγ˜
FS
→ c ∼ mγ˜
m3/2
(16)
but in the more general case cancellations between dia-
grams or the presence of scalar mixing parameters can
give rise to smaller values of the couplings. Note that
in gravity mediation the same coupling is instead c ∼√
3/2
mγ˜
m3/2
[33, 34]. The couplings d between the grav-
itino and the sgoldstinos are a remnant of the usual su-
pergravity coupling between the gravitino, a scalar field
and its superpartners for the goldstino multiplet. In the
limit of light gravitino and single goldstino field, the dom-
inant coupling is then of the form given above with
d ∼
√
2
3
(17)
while in the case of many scalar moduli the coupling can
be reduced by mixing matrices. So we obtain for the
relevant product of coupling, which will later appear in
the cross-sections,
ξ ≡ c d ≤ mγ˜
m3/2
. (18)
We will take this value as the maximal possible value
in the following and consider later also the simplified ex-
pression obtained for mγ˜ ∼ 100 GeV, i.e.
ξ =
100 GeV
m3/2
(19)
in order to compare with previous works [23, 24, 33, 34].
Note that in this case the product of couplings is not
an independent parameter, but it is determined by the
gravitino mass. In the general case, instead, since the
scale of mγ˜ is arbitrary, ξ is an independent parameter.
C. Supersymmetry breaking models with natural
ultra-light gravitino
In the model discussed above, a single scale, namely
FS , determines the gravitino mass via m3/2 ∼ FS/MP ,
and the masses of the remaining superpartners through
Eqs. (14). In the light of existing limits on gaugino and
sfermion masses, it can hence be difficult to accommodate
an ultra-light gravitino within this model, even if it is
possible when a very large number of messenger fields N
is considered.
Models where gaugino and sfermion masses are to some
extent independent of the gravitino mass are of great in-
terest for our analysis, since in that case ultra-light grav-
itinos can exist avoiding constraints from LHC and direct
searches for new physics. Within the many possibilities,
we mention here a few examples of this type.
A family of models where ultra-light gravitinos, and
TeV gauginos and sfermions can coexist is discussed
in [60, 61]. The theory assumes a no-scale form for the
Ka¨hler function, and a diagonal non-canonical gauge ki-
netic function f ∼ exp(−ASq), where A and q are con-
stants, and S is the hidden sector field responsible for
supersymmetry breaking. In this case the gaugino and
gravitino masses are related as follows
Mi ∼
(
m3/2
MP
)1− 23 q
MP , (20)
and properly choosing q, m3/2 can be ultra-light and Mi
at the TeV scale.
Another way to disentangle the gaugino and gravitino
masses and allow for low scale of SUSY breaking is also
to consider Dirac mass terms for the gauginos [62, 63].
In particular just taking simply a Dirac gluino can relax
strongly the LHC bounds on the neutralino sector, al-
lowing for low Majorana neutralino masses, by avoiding
universality between gauginos without enhancing effects
from the RGEs [64].
Within extra-dimensional models, even more pos-
sibilities arise. On one hand, many very light
(pseudo)goldstino states could remain physical and play
a similar role to the gravitino [65] and on the other the
connections between superpartner masses become more
involved. A very interesting class of models was proposed
recently in [66] and has the gravitino as a bulk field in a
(4+d)-dimensional theory. The remaining particles in the
MSSM mass spectrum are localized on a 4-dimensional
brane. Supersymmetry breaking occurs in a (4 + d′)-
brane, with d′ ≤ d, via an F -term denoted here by F4+d′ .
After supersymmetry breaking, the MSSM particles ac-
quire masses of the order of M ∼ 1/R ∼ 1 TeV, where
R is the size of the extra-dimensions. The gravitino KK
tower instead starts at
m3/2 ∼ F4+d
′√
M2+d∗ /Md−d
′
, (21)
which can be arbitrarily small, properly choosing F4+d′ ,
d, d′ and M∗, where M∗ is the fundamental gravita-
tional scale. Notably, decays of the lightest particle in the
MSSM mass spectrum into slightly lighter KK gravitinos
are favored in this model. From the LHC perspective this
model can hence resemble a 4-dimensional supersymmet-
ric theory with a compressed mass spectrum.
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s
FIG. 1. The cross-section σ(γγ → G˜G˜) as a function of the
sgoldstino mass mS = mP . Here we assume ΓS = ΓP =
10−2 GeV, mγ˜ = 100 GeV, ξ ≡ c · d = 1016 and s = 36T 2SN
with TSN = 50 MeV.
IV. CROSS-SECTIONS FOR GRAVITINO
PRODUCTION AND SCATTERING
Given the general lagrangian in Eqs. (6) and (10),
we can then compute the relevant two-body processes.
We discuss then possible effects of introducting R-parity
breaking in the model and find that those effects are neg-
ligible in our range of parameters.
A. γγ → G˜G˜ cross-section and luminosity
The dominant gravitino production contribution comes
from photon-photon collisions [23]. The expression for
the corresponding luminosity can be found in app. A.
The next step is to calculate σ(γγ −→ G˜G˜)4. The con-
tributing diagrams are given by
iM =
p2
p1
k1
k2
β
α
ν
µ
+
p1
p2
k1
k2
α
β
ν
µ
+
p2
p1
k1
k2
β
α
ν
µ
+
p2
p1
k1
k2
β
α
ν
µ
+
p2
p1
k1
k2
β
α
ν
µ
. (22)
This process has been calculated in [17, 34] in the limit
of very small scalar and pseudo-scalar masses. Contrary
to these studies, here we do not make any assumption
regarding the sgoldstino masses, and assert no relation
between the couplings c and d. Accordingly, for the am-
plitude of this process we obtain,
iM = iMPhotino + iMGraviton + iMScalar
+ iMPseudoscalar , (23)
4 We handle Majorana spinors by using the method of a continuous
fermion flow [67].
where the four invariant amplitudes MPhotino,
MGraviton, MScalar and MPseudoscalar are associ-
ated with the exchange of a photino, assumed here to
be a mass-eigenstate, a graviton, a scalar and a pseudo-
scalar, respectively. They are listed in the Appendix B.
For the calculation of |M|2 and subsequently of the total
cross-section we use the Mathematica package FeynCalc
[68]. We obtain the total cross-section, at leading order5
5 We keep also terms O(m−2
3/2
) which may be enhanced by the
couplings ∝ m−1
3/2
.
71/m43/2,
σ(γγ → G˜G˜) = s
3
5760pim43/2M
4
P
[
1 +
8
3
m23/2
s
+ 5ξ2
m23/2
s
×
(
s2
(s−m2P ) 2 + Γ2P m2P
+
s2
(s−m2S) 2 + Γ2Sm2S
)]
+O(√x) , (24)
where x ≡ s/m2γ˜  1, with mγ˜ denoting the photino
mass. Note that the photino t- and u-channel contribute
to the cross-section only at the next order in
√
x and
therefore the leading order result is independent of the
exact value of the photino mass and the possible correc-
tions coming by considering the full neutralino mass ma-
trix instead than the simple photino. The parameters ΓS
and ΓP , with dimension GeV, describe the model depen-
dent decay widths of the scalar and pseudo-scalar S, P ,
respectively. Note that due to the non-renormalizable
nature of the interaction, the cross-section grows with
energy as E4 and therefore the best constraints are ob-
tained for the highest possible energy. The cross-section
is depicted in fig. 1 as a function of mS = mP for a typical
average value of the energy in a SN core s = (300MeV)2.
The two limiting cases of very light or very heavy sgold-
stinos, corresponding to the plateaus in fig. 1, are simply
given by
lim
mS ,mP→0
σ(γγ → G˜G˜) ≈ s
3
5760pim43/2M
4
P
×
(
1 +
(
10ξ2 +
8
5
)
m23/2
s
)
,
(25)
lim
mS ,mP→∞
σ(γγ → G˜G˜) ≈ s
3
5760pim43/2M
4
P
, (26)
so that we can nearly recover the limit of heavy sgoldsti-
nos also by setting ξ = 0. For ξ =
mγ˜
m3/2
the results are
in agreement with [9, 17, 34]. The maximal value of the
cross-section is obtained at the resonance and depends
on the value of the widths ΓS ,ΓP . So we expect the su-
pernova environment to be most sensitive to sgoldstino
with masses in the 100 MeV range. We substitute the
cross-section in Eq. (24) into Eq. (4) and we obtain the
luminosity L via integration.
Note that Eq. (25) agrees with the results of [23] and
can be used to obtain an upper limit on m3/2 straightfor-
wardly, without relying on the complex statistical anal-
ysis of Sec. V A. Using Eq. (4) as explained above, we
obtain m3/2 < 1.5 × 10−5 eV, for mγ˜ = 100 GeV. This
result is comparable with the upper limit in [23], though
the two expressions differ because of an extra factor of 4
in our expression for L, and discrepancies in the numer-
ical evaluation of the relevant formula. This finding will
be refined within our Likelihood analysis.
B. γG˜→ γG˜ cross-section and mean-free-path
We have also to consider the mean-free path of the
gravitino to compare with Eq. 5. The dominant gravitino
scattering process in the supernova core is γG˜ → γG˜,
connected to the production process by crossing symme-
try. In fact the diagrams contributing to this scattering
process are
iM = + +
+ + . (27)
We calculate the cross-section in the same way as in
Sec. IV A and obtain
σ(γG˜→ γG˜) = s
3
768pim43/2M
4
P
[
1− 16
m23/2
s
+
ξ2m23/2
s+m2P
(
1
6
− 5
18
m2P
s
+
5
9
m4P
s2
− 5
3
m6P
s3
− 10
3
m8P
s4
(
1− log
[
1 +
s
m2P
])
+
10
3
m10P
s5
log
[
1 +
s
m2P
])
− ξ2
m23/2
s
(
+
2s
3(s+m2S)
− 5
6
+
10
9
m2S
s
− 5
3
m4S
s2
+
10
3
m6S
s3
+
10
3
m8S
s4
log
[
m2S
s+m2S
])]
+O(√x) .(28)
Finally, the gravitino mean-free-path λmfp in the Super-
nova core is
λmfp '
(
nγ(TSN )σ(γG˜ −→ γG˜)
)−1
(29)
with the photon number density nγ(TSN ) given by
nγ(T ) =
2ζ(3)
pi2
T 3 . (30)
The average energy of a photon is ∼ 3T , corresponding
to s ∼ 36T 2. For the Supernova core temperature we
assume TSN ' 50 MeV [25]. Substituting (28) and (30)
into (29) we obtain the mean-free-path depending on the
sgoldstino masses and couplings as well as on the Super-
nova core temperature.
8C. Implications from R-Parity Violation
Up to now we have assumed R-parity to be conserved6.
This is of course well-motivated e.g. from the non-
observation of proton decay. With conserved R-parity,
gravitinos, or any other sparticle for that matter, can be
produced in pairs only. If instead R-parity is broken,
other channels giving the production of single gravitinos
and containing only one supergravity vertex and less sup-
pression by MP become possible. It is therefore impor-
tant to check if such additional contributions are stronger
than the RPC ones and can modify the constraints on the
model.
The most important channel in our context is
γγ −→ νG˜, since the only neutral SM fermions, that can
be produced together with the gravitino, are neutrinos.
For the purpose of Supernova coupling, both gravitino
and neutrino escape and therefore this channel has the
same effect as the RPC one. We investigate whether this
process is able to compete with γγ −→ G˜G˜ for the case of
leptonic trilinear and bilinear R-parity violations (RPV).
Trilinear RPV
The possible trilinear RPV renormalizable couplings in
the superpotential violating only the lepton number, are
W/RP =
1
2
λijkabL
a
iL
b
j(E
c)k + λ
′
ijkabL
a
iQ
b
j(D
c)k , (31)
where i, j, k and a, b are generation and SU(2) doublet in-
dices respectively. These couplings are only between the
chiral multiplets and so do not involve photons. Never-
theless, at one-loop level they can generate an effective
photon-photino-neutrino vertex, that has been fully cal-
culated in [70]. In the loop we can have fermion-sfermion
pairs of any particular flavor j, where j = e, µ, τ, d, s, b.
In principle we also have other types of diagrams con-
tributing to the same channel, e.g. box-diagram, but
they include an additional propagator and we therefore
expect them to be more suppressed at low energy.
With the one-loop effective vertex the contributing di-
agrams are
iM =
3∑
i=1
∑
j

p2
p1
k2
k1
β
α
µ
νi
j
+
p1
p2
k2
k1
α
β
µ
νi
j

≡
3∑
i=1
(iMi) (32)
Here we sum over all neutrino flavors i in the final
state. The blob
(
j
)
denotes an effective photon-
photino-neutrino vertex, for each fermionic flavour j.
The explicit expression for the invariant amplitude is
given in the Appendix B.
Since we only need to perform a rough estimate in
order to see the relevance of this channel, we do not con-
sider the full parameter dependence on the superparticle
spectra and the full flavour structure of the couplings.
We take instead a maximal cross-section scenario with
large flavour-democratic couplings λˆijj = λ ∼ 0.1, max-
imal sfermion mixing, sin θfj cos θfj =
1
2 , vanishing CP
phases and large mass hierarchy in the sfermion masses,
i.e. we consider only the contribution of the lighter mass
6 For an extensive review on R-parity and its violation we recom-
mend [69].
eigenstate sfermion of any flavour, with a common mass
m2
f˜
 s. In general the contributions of the two mass
eigenstates of the same flavour tend to cancel, so this
limit strongly enhances the scattering rate.
With these simplifications we obtain for the total cross-
section
∑
i
σ(γγ −→ νiG˜) ≈ 49α
4λ2
7680pi3 sin2 θWm23/2M
2
P
s4
m2γ˜m
4
f˜
,
(33)
where α is the QED coupling and θW the Weinberg angle.
Note that indeed this channel is suppressed only by two
powers of MP , but on the other hand also by the sixth
power of the soft SUSY breaking masses.
We compare this result to the smallest possible cross-
section for gravitino pair production i.e. (26), where we
9have no contributions from the sgoldstinos,∑
i σ(γγ −→ νiG˜)
σ(γγ → G˜G˜) ∼ 10
−6
(
λ
0.1
)2 ( m3/2
10−3eV
)2
×
(
m2γ˜
100 GeV
)−2(
mf˜
100 GeV
)−4
.
It becomes clear that even under exaggerated choices of
parameters single gravitino production due to trilinear
RPV plays no role in our context. For gravitinos heavier
than 1 eV the two processes do indeed become compa-
rable, but the corresponding gravitino production would
be too small to be relevant for SN cooling.
Bilinear RPV
Alternatively we could also add bilinear R-parity vio-
lation (RPV) into our model by introducing the term
W/RP = µiHu · Li (34)
to our superpotential. This term is also motivated by its
ability to generate a hierarchical neutrino mass spectrum
favored by observations.
These models typically contain not only effective tri-
linear coupling as discussed above, but also neutralino-
neutrino mixing since a sneutrino obtains in general
a non-zero vacuum expectation value 〈ν˜〉 during elec-
troweak symmetry breaking [71]. In the context of su-
pernova cooling bilinear RPV gives an additional con-
tribution to the process γγ → G˜ν with an intermediate
neutrino. This channel is therefore not suppressed by the
photino mass (even if it does influence the neutralino-
sneutrino mixing). Contributing diagrams are
χ˜0
α µ
β ν
〈ν˜〉 +
χ˜0
β µ
α ν
〈ν˜〉 .
(35)
The blob in this diagram denotes this time the coupling
of the neutrinos to the photon field. Since the neutrino is
neutral this vertex is not present at tree level of course.
However it can again be generated by radiative correc-
tions, which lead to the real charge, magnetic dipole,
electric dipole and anapole form factors of the neutrinos,
which are strictly constrained by observations [72]. It is
now possible to determine whether the single gravitino
production rate is of any relevance compared to the pro-
duction of gravitino pairs from the same initial state7.
7 For the details on the calculation we refer to [22].
Parameter Type Prior range Prior type
log10(m3/2/GeV) free parameter [−19,−12] log-prior
log10(mS/GeV) free parameter [−3, 4] log-prior
log10(mP /GeV) free parameter [−3, 4] log-prior
log10(ξ) free parameter [0, 18] log-prior
a free parameter [10−3, 1] linear prior
b free parameter [10−3, 1] linear prior
TABLE I. List of model parameters. For each model parame-
ter, this table shows the type of assumed prior PDF, and the
corresponding prior range.
Using the empirical bounds on the neutrino’s electro-
magnetic properties and typical values for the RPV pa-
rameters, we find that the ratio of cross-sections is tiny
even under the assumption of very heavy sgoldstinos,
namely
σ(γγ −→ G˜ν)
σ(γγ → G˜G˜) < 0.8× 10
−4
( m3/2
10−3 eV
)2( ζ
10−5
)2
,
(36)
where ζ ≡ 〈ν˜〉v and v is the SM Higgs VEV. Obviously the
situation is the same as in the case of trilinear RPV, since
the parameter ζ is constrained by the physical neutrino
masses to be below 10−5 for neutralino masses at the
electroweak scale.
In conclusion, in the area of parameter space relevant
to SN cooling the production of gravitinos via photon col-
lisions occurs almost exclusively in pairs. Neither modi-
fications of the luminosity nor the mean-free-path can be
of relevance making any further calculation or parameter
scans including R-parity violations unnecessary.
V. MODEL INDEPENDENT ANALYSIS
In Sec. V B, we derive model independent limits on the
mass of a light gravitino from Supernovae observations.
To this aim, we compare the general 6-dimensional effec-
tive theory of the light gravitino interactions (Sec. III) to
the bounds discussed in Sec. II in a global statistical anal-
ysis. In Sec. V A we briefly describe the statistical meth-
ods used in this study. For a more extended introduction
to statistical methods in particle physics and cosmology,
we refer to the dedicated literature, e.g. Refs. [73–75].
A. Statistical framework
We analyze the Supernovae data of Sec. II combining
Bayesian and frequentist statistics. In the Bayesian ap-
proach to data analysis, we calculate the posterior prob-
ability density function (PDF) of the model parameters
Θ = θ1, . . . θn, where n is the dimension of the param-
eter space. In the present study n = 6, and the six
model parameters are listed in Tab. I. The parameters
10
a ≡ ΓS/mS and b ≡ ΓP /mP vary within a range where
the narrow width approximation used in Eq. (24) can
be applied. Note that the resonance in the cross-section
results smoothed by the thermal average and therefore
the final results will not be strongly dependent on the
sgoldstino widths.
In general, the posterior PDF, P(Θ|d), describes the
observer’s degree of belief on a certain set of model pa-
rameters, after having analyzed the available data, d. It
can be calculated applying Bayes’ theorem to L(d|Θ),
the Likelihood function of the data:
P(Θ|d) = L(d|Θ)pi(Θ)E(d)−1 . (37)
In Eq. (37), E(d) is the Bayesian evidence. It is indepen-
dent of the model parameters, and it hence plays the role
of a normalization constant in the present analysis. pi(Θ)
is the prior PDF. It contains the observer’s knowledge of
the model parameters, before having analyzed the avail-
able data. In the analyses we assume log-priors for all
model parameters, except for a and b. This assumption
allows to effectively sample the posterior PDF varying
the model parameters over several order of magnitudes.
Tab. I shows the range of variability that we assume for
the different model parameters. The intervals chosen for
mS and mP allow us to effectively explore the two ex-
treme regimes mS ,mP → 0 and mS ,mP → ∞, where,
respectively, mS,P /T  1 and mS,P /T  1.
We express our results in terms of 1D and 2D marginal
posterior PDFs. The 2D marginal posterior PDF of the
model parameters θ1 and θ2, for instance, is defined as
follows
Pmarg(θ1, θ2|d) ∝
∫
dθ3 . . . dθn P(Θ|d) . (38)
Similar expressions hold for the other pairs of model pa-
rameters. From the 2D marginal posterior PDFs, we con-
struct the associated 95% credible regions. They contain
the 95% of the total posterior probability, and are such
that Pmarg at any point inside the region is larger than
at any point outside the region.
When the prior PDF contains more information than
the Likelihood function, the support of the posterior PDF
extends over a large volume in parameter space. In this
case, the integral in Eq. (38) mostly depends on the inte-
gration volume, rather then on the information contained
in the Likelihood function. A similar dependence on the
integration volume in Eq (38) is called a “volume effect”.
In the frequentist approach, from the Supernovae
bounds we extract the 1D and 2D profile likelihoods of
the model parameters. The 2D profile likelihood of the
model parameters θ1 and θ2, for instance, is given by
Lprof(d|θ1, θ2) ∝ max
θ3...θn
L(d|Θ) , (39)
and analogously for the other pairs of model parame-
ters. We use the profile likelihood to construct approx-
imate frequentist confidence intervals from an effective
chi-square defined as ∆χ2eff ≡ −2 lnLprof/Lmax, whereLmax is the absolute maximum of the Likelihood func-
tion.
The Bayesian approach and the frequentist approach
are complementary. The former allows to obtain limits
on the gravitino mass with a relatively small number of
Likelihood evaluations. The latter is computationally de-
manding, but it does not crucially depend on the choice
of the prior PDF, and it is not affected by volume effects.
A simple Likelihood function which can be used in
presence of an upper limit on the gravitino luminosity
is given by the following expression
L(d|Θ) =

1 for L ≤ Lexp
exp
[
− (L−Lexp)22σ2exp
]
otherwise,
(40)
where σexp is an estimate of the experimental error on
Lexp. Following [76], in the analyses we adopt a refined
version of Eq. (40) which includes theoretical and exper-
imental errors for the gravitino luminosity, denoted here
by τ and σexp, respectively. The Likelihood function used
in the calculations is hence given by
L(d|Θ) = σexp√
σ2exp + τ
2
exp
[
− (Lexp − L)
2
2(σ2exp + τ
2)
]
× [1− Z(texp)] + Z
(
L− Lexp
τ
)
(41)
for λmfp ≥ λexp = 0.3 m, and L(d|Θ) = 1 otherwise,
when the Supernovae constrain does not apply. The func-
tion Z in Eq. (41) is defined as follows
Z(y) ≡ 1√
2pi
∫ ∞
y
dx exp
(−x2/2) (42)
and
texp ≡ σexp
τ
L− Lexp√
σ2exp + τ
2
. (43)
In the calculations we assume σexp/Lexp and τ/Lexp
equal to 0.05. Finally, to sample the Likelihood function
we use the Multinest program [77–79], with parameters
set to: nlive = 20000 and tol=10
−4. We use our own
routines to calculate the cross-sections and the mean-
free-path. Figures are produced using the programs Get-
plots [76] and Matlab.
B. Limits on the gravitino mass
We now describe the results obtained comparing the
effective theory of the light gravitino interactions to the
Supernovae bounds. In the analyses we use the statisti-
cal methods introduced in Sec. V A. Note that on gen-
eral grounds we expect to exclude a window of gravitino
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FIG. 2. Left panel. Limits on the gravitino mass found from Supernovae bounds: (1) A model with heavy scalar and pseudo-
scalar fields, a = b = 0, and ξ = 100 GeV)/m3/2 (dotted lines). (2) A model with light scalar and pseudo-scalar fields, a = b = 0,
and ξ = (100 GeV)/m3/2 (dashed lines). (3) The general 6-dimensional effective theory of the light gravitino interactions. Red
lines denote 1D profile likelihoods, blue lines correspond to 1D marginal posteriors PDFs. Analyzing the general 6-dimensional
effective theory of the light gravitino interactions, we find the model independent exclusion limits on the gravitino mass
−16.65 < log10(m3/2/GeV) < −15.27 at the 95% confidence level (corresponding to 2.3×10−8 < m3/2/eV < 5.4×10−7). Right
panel. As for the left panel, but for the cross-section σ(γγ → G˜G˜) evaluated at the reference centre-of-mass energy s = 36T 2.
masses, limited on the lower side by the requirement to
have a sufficiently long mean-free path in the SN core
and on the upper side by the SN luminosity bound.
The left panel in Fig. 2 shows the limits on the grav-
itino mass derived within three different realizations of
the theory defined in Sec. III. Red lines refer to 1D
profile likelihoods, whereas blue lines correspond to 1D
marginal posterior PDFs. The red dashed line in the
left panel of Fig. 2 is the 1D profile likelihood of a
model with light scalar and pseudo-scalar fields (i.e.
mS → 0 and mP → 0) with fixed sgoldstino cou-
pling ξ = 100GeV/m3/2. From the 1D profile likelihood
of this model, we are able to exclude the mass range
−16.19 < log10(m3/2/GeV) < −13.85 at the 95% con-
fidence level (corresponding to 6.5× 10−8 < m3/2/eV <
1.4× 10−5). This mass window is comparable (up to the
factor 4) to the old exclusion obtained in [23] with the
same assumption on the value of ξ. The blue dashed line
in the left panel of Fig. 2 is the 1D marginal PDF derived
from the same model. Compared to the 1D profile like-
lihood, it increases from its minimum value less steeply
and it is not flat at the boundaries of the prior range. The
latter effect is related to the prior PDF, which forces to
zero the posterior PDF at the edge of the prior range.
The red dotted and blue dotted lines in the left panel of
Fig. 2 are, respectively, the 1D profile likelihood and the
1D marginal posterior PDF of a model with heavy scalar
and pseudo-scalar fields (i.e. mS → ∞ and mP → ∞).
From the 1D profile likelihood of this case, we find the
exclusion limits −17.28 < log10(m3/2/GeV) < −15.36 at
the 95% confidence level (corresponding to 5.2× 10−9 <
m3/2/eV < 4.3 × 10−7). Comparing the 1D profile like-
lihood to the 1D marginal posterior PDF, we observe
the same differences found in the case of light scalar and
pseudo-scalar fields.
The red solid and blue solid lines in the left panel of
Fig. 2 are, respectively, the 1D profile likelihood and the
1D marginal posterior PDF obtained fitting the full 6-
dimensional effective theory of Sec. III to the Supernovae
data, without any assumption on the sgoldstinos masses
and coupling. The exclusion limits on the gravitino mass
extracted from the 1D profile likelihood of this general
model are one of the main results of this paper. Ana-
lyzing the general 6-dimensional effective theory of the
light gravitino interactions, we find the following model
independent exclusion limits for the gravitino mass:
− 16.65 < log10(m3/2/GeV) < −15.27 (44)
at the 95% confidence level (corresponding to 2.3 ×
10−8 < m3/2/eV < 5.4 × 10−7). We see that the mass
window excluded in a model-independent way is much
narrower than the ranges for the two limiting cases, par-
tially due to the resonant enhancement in the full cross-
section. On the other hand these limits are very ro-
bust, since they take into account the uncertainties in
the masses and couplings defining the model of Sec. III
in a statistically rigorous manner. The 1D marginal pos-
terior PDF for m3/2, that we find marginalizing the full
6-dimensional posterior PDF over the 5 remaining model
parameters, is significantly different from the 1D profile
likelihood of the same 6-dimensional model. The differ-
ences between the two statistical indicators are induced
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FIG. 3. Left panel. As for Fig. 2 (profile likelihoods only), but for 4 different models: (1) A model with light scalar and pseudo-
scalar fields, a = b = 0, and ξ and m3/2 as free parameters (red solid line). (2) A model with heavy scalar and pseudo-scalar
fields, a = b = 0, and ξ and m3/2 as free parameters (blue solid line). (3) Same as model 2 in Fig. 2 (red dashed line). (4)
Same as model 1 in Fig. 2 (blue dashed line). Model 2 and model 4 in this figure are characterized by identical curves, since
the gravitino production cross-section is independent of ξ in the heavy mass limit. Interestingly, Model 1 gives results similar
to the full 6 dimensional model in Fig. 2. Right panel. As for the left panel, but now for the cross-section σ(γγ → G˜G˜) at
s = 36T 2.
by volume effects produced in the marginalization proce-
dure, as we will see in detail below.
The right panel in Fig. 2 shows the 1D profile likeli-
hoods and the 1D marginal posterior PDFs for the cross-
section σ(γγ → G˜G˜) at s = 36T 2 in the three models dis-
cussed in the left panel of the same figure. From an anal-
ysis based on the general 6-dimensional effective theory of
the light gravitino interactions, we extract the 95% confi-
dence level exclusion limits −19.26 < log10(σ/GeV−2) <
−11.85, for σ(γγ → G˜G˜) at s = 36T 2.
We also study additional models with 2 free parame-
ters. In Fig. 3 we compare their 1D profile likelihoods. A
first model is characterized by mS = mP = 0, a = b = 0,
and ξ and m3/2 as free parameters (red solid line). A
second model is defined by mS,P → ∞, a = b = 0, and
again ξ and m3/2 as free parameters (blue solid line).
Comparing Figs. 2 and 3, we see that the model with ξ
and m3/2 as free parameters and mS ,mP → 0, and the
full 6-dimensional model have similar 1D profile likeli-
hoods, and confidence intervals, though the former are
slightly narrower. For instance, within the 2-parameter
model, we find the 95% confidence level exclusion limits
for m3/2: −16.32 < log10(m3/2/GeV) < −15.36, corre-
sponding to 4.8× 10−8 < m3/2/eV < 4.3× 10−7. Indeed
the two parameters ξ and m3/2 capture the strongest de-
pendence of the cross-section.
Let us now go back to consider the general case with
6 free parameters. Fig. 4 shows the 2D 95% confidence
intervals (red lines) and the 95% credible regions (blue
lines) in the six planes (m3/2, L), (m3/2, λmfp), (m3/2, σ),
(σ, L), (σ, λmfp) and (λmfp, L), as obtained by comparing
the general 6-dimensional theory of Sec. III to the Su-
pernovae constraint. As in Fig. 2, σ is evaluated at the
reference centre-of-mass energy s = 36T 2. The bottom-
left panel in Fig. 4 shows the results for the pair of model
parameters m3/2 and L. In this panel, the 2D 95% con-
fidence interval and the 95% credible region separate in
two disconnected areas. One at large m3/2 generated by
the Supernovae bound on the gravitino luminosity, and
one at at small m3/2, where λmfp < 0.3 m and the super-
novae bound does not apply.
Models with constrained ξ ∝ m−13/2, for finite sgoldstino
masses, or large sgoldstino masses, predict log10(L) =
−4 log10(m3/2)+const.. The diagonal structure observed
in the bottom-left panel of Fig. 4 reflects this correlation
pattern between L and m3/2. However, in the general
6-dimensional theory of Sec. III, the dependence of L on
m3/2 is less obvious. For this reason we also observe
“out-of-diagonal structures” in the (m3/2, L) plane, cor-
responding to configurations with intermediate values of
mS and mP , and values of ξ different from mγ˜/m3/2.
The 2D credible region in the bottom-left panel of Fig. 4
is concentrated along the diagonal of the plane (m3/2,L).
This result is related to the volume effect also appearing
in Fig. 2. In fact, marginalizing over the large volume in
parameter space where mS , mP and ξ are large
8 leads to
an artificial overweighting of configurations following the
correlation pattern log10(L) = −4 log10(m3/2) + const.
8 mS and mP larger than the Supernovae core temperature, and
ξ very large.
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FIG. 4. 2D 95% confidence intervals (red contours) and 2D 95% credible regions (blue contours) in the six planes (m3/2, L),
(m3/2, λmfp), (m3/2, σ), (σ, L), (σ, λmfp) and (λmfp, L). The contours have been derived fitting the general 6-dimensional
effective theory of Sec. III to the Supernovae data.
Therefore, the Bayesian approach tends to favour con-
figurations along the diagonal in the plane (m3/2,L), be-
cause of spurious volume effects. The presence of out-of-
diagonal structures in the 2D profile likelihood also in-
duces the differences observed in Fig. 2 between the 1D
profile likelihood and the 1D marginal posterior PDF of
the general 6-dimensional model. We therefore conclude
that only the frequentist approach produces robust and
physically relevant results, since the Bayesian approach
is affected by volume effects, when present Supernovae
data are used.
The central-left and top-left panels in Fig. 4 refer to
the pairs of model parameters (m3/2, λmfp) and (m3/2, σ),
respectively. The pair (m3/2, σ) exhibits a statistical be-
havior essentially identical to the related pair (m3/2, L).
Also the results found for the pair (m3/2, λmfp) admit
an analogous interpretation, with one important differ-
ence, however. In the case of the pairs (m3/2, λmfp), the
two parameters are positively correlated and the correla-
tion pattern expected for fixed ξ ∝ m−13/2 at small scalar
masses is log10(λmfp) = 4 log10(m3/2) + const.
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FIG. 5. 2D 95% confidence interval (red contour) in the
m3/2 − ξ plane. The parameters m3/2 and ξ are degenerate
in the large ξ limit. Inspection of Eqs. (24) and (28) shows
that only the ratio ξ2/m23/2 is constrained by observations in
this limit.
The remaining panels show the correlations between
L, σ and λmfp. As expected, we find that L and σ are
positively correlated, whereas L and λmfp, and σ and
λmfp are negatively correlated.
Finally, we briefly comment on possible degenera-
cies between pairs of model parameters. Inspection of
Eqs. (24) and (28) shows that only the ratio ξ2/m23/2
can be constrained by observations in the large ξ limit.
This degeneracy is captured by the numerical analysis,
as Fig. 5 shows. Calculating confidence intervals, we do
not observe strong degeneracies between other pairs of
model parameters not even between ξ2 and mS,P in the
heavy sgoldstino limits.
VI. CONCLUSIONS
We have revisited Supernovae constraints on ultralight
gravitinos in a more modern and model-independent way,
extending them to general SUSY breaking models and
including as well a discussion of possible effects of lep-
ton number breaking R-parity violation. For what re-
gards the latter, we find that the single gravitino pro-
duction channels are always negligible compared to the
R-parity conserving two gravitino processes for the ultra-
light masses relevant for the Supernovae.
Our analysis was therefore focussed on the RPC gen-
eral models, where we let the sgoldstino masses and cou-
plings vary within reasonable expected ranges. We found
that there are two very clearly distinguishable regimes of
light and heavy sgoldstinos, where light/heavy is meant
as compared to the SN average thermal energy scale
of 100 MeV. In the case of light sgoldstinos, the cross-
section is larger and our frequentist analysis is in agree-
ment with the old results and gives comparable limits, for
sgoldstino couplings ξ = 100 GeV/m3/2. In the heavy
sgoldstino region, the cross-section is slightly reduced
and in order to compensate that, the excluded window is
therefore slightly shifted to lower gravitino masses. Note
that the two different excluded ranges do overlap and are
given at the 95% confidence level by
6.5× 10−8 eV < m3/2 < 1.4× 10−5 eV ,
for ξ = 100 GeV/m3/2 mS,P → 0 ;
5.2× 10−9 eV < m3/2 < 4.3× 10−7 eV ,
for ξ = 100 GeV/m3/2 mS,P →∞ .
The bayesian analysis for both cases excludes very similar
ranges of the gravitino mass, but is unfortunately limited
by volume effects.
Considering the whole range of parameters and free
sgoldstino masses, we are able to set a new model-
independent limit on the gravitino mass as
2.3× 10−8 eV < m3/2 < 5.4× 10−7 eV (45)
at the 95% confidence level. We note that this excluded
window corresponds more or less to the overlap region
of the two limiting cases and is therefore reduced to be
quite narrow. We also mention that a simplified analysis
based on the model parametersm3/2 and ξ only, produces
exclusion limits similar to the model independent limit
in Eq. (45), though slightly narrower.
The gravitino mass window in Eq. (45) is within the
region ruled out by BBN in the limit of massless sgoldsti-
nos never in thermal equilibrium. For instance, one can
exclude m3/2 <∼ 10−6 eV(mγ˜/100 GeV)1/2, demanding
that the goldstino decoupling temperature is larger than
about 100 MeV [17, 23]. We however expect that for
heavy sgoldstinos the same argument of [17, 23] would
produce weaker limits on m3/2. If also the sgoldstinos
are assumed to be in thermal equilibrium in the early
Universe, then the BBN lower bound on the gravitino
mass becomes stronger, and of the order of 1 eV [18, 24].
In contrast to the BBN bounds mentioned above, our
limit (45) does not depend on assumptions made for the
thermal bath at goldstino or sgoldstino decoupling. The
cross-sections used in deriving the BBN bounds discussed
here were first computed in [34, 35].
Given a specific model for supersymmetry mediation,
our limits (45) can be used to exclude a range of su-
persymmetry breaking scales and correspondingly also
superpartner masses. In the simplest models, where a
single parameter, e.g. the F -term FS , determines m3/2,
Mi and m
2
0, the resulting exclusion limits are not at all
competitive with the corresponding collider limits, since
they rule out supersymmetry breaking scales of the or-
der of 10− 100 GeV, which have already been probed at
LEP and at the LHC for a variety of models. Limits on
the scale of supersymmetry breaking derived from (45)
remain interesting instead for gauge mediation models
with a very large number of messengers or for models
which are difficult to probe at colliders, like those with
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compressed spectra, and especially for models where the
gravitino mass m3/2 is partially “decoupled” from Mi
and m20, as in the examples discussed in Sec. III.
Note that the analysis at large sgoldstino couplings
is unfortunately limited by the degeneracy between the
gravitino mass and the sgoldstino coupling ξ, so that the
prior and the range chosen for such parameter influence
the bayesian analysis and do not allow to pinpoint the
gravitino mass completely model-independently. There-
fore other constraints (or definite assumption on the
SUSY breaking sector, such as those we tried to relax)
are needed to be able to draw definite statements.
In principle our analysis could be extended to include
also limits from other astrophysical objects and that
would sample a different energy range and improve the
constraints. For the case of light sgoldstinos, the inclu-
sion of the process of sgoldstino production could bring
additional constraining power, but at the cost of a strong
dependence on the unknown coupling of the sgoldstino
sector.
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Appendix A: Gravitino Luminosity
The luminosity of gravitinos produced via
γ(p1)γ(p2) −→ G˜(k1)G˜(k2) is given by [80]
L = V
∫
d3p1
(2pi)3 2p01
2nγ(p
0
1)
∫
d3p2
(2pi)3 2p02
2nγ(p
0
2)
×
∫
d3k1
(2pi)3 2k01
∫
d3k2
(2pi)3 2k02
(2pi)4δ(4)(p1 + p2 − k1 − k2)
× (k01 + k02)
∣∣∣M(γγ → G˜G˜)∣∣∣2 , (A1)
which corresponds to the gravitino energy emitted per
unit time from a volume V at a temperature T via the
collision of photons in thermal equilibrium. The temper-
ature enters the luminosity via the photon Bose-Einstein
distribution function nγ(p
0
i ), given by
nγ(p
0
i ) =
1
ep
0
i /T − 1 .
In terms of the cross-section, the luminosity can be ex-
pressed as
L =
4V
(2pi)6
∫
d3p1nγ(p
0
1)
∫
d3p2nγ(p
0
2)(p
0
1 + p
0
2)
p1 · p2
p01p
0
2
× σ(γγ → G˜G˜) . (A2)
This expression follows from the definition of total cross-
section. In order to simplify the integration, we assume
nγ(p
0
i ) > e
−p0i /T for all p0, which is a reasonable assump-
tion in the Supernova core [25]. Hence,
L >
4V
(2pi)6
∫
d3p1d
3p2e
−(p01+p02)/T (p01 + p
0
2) (1− cosα)
× σ(γγ −→ G˜G˜) , (A3)
where cosα = ~p1 · ~p2/(|~p1||~p2|). In general, the cross-
section depends on the photon momenta, or rather on the
Mandelstam variable s. We express the photon momenta
p1 and p2 in spherical coordinates (p
0
i , θi, φi) and obtain
s = (p1 + p2)
2 = 2p01p
0
2(1− cosα) , (A4)
and cosα = sin θ1 sin θ2 cos(φ1 − φ2) + cos θ1 cos θ2 .
(A5)
Appendix B: Invariant Amplitudes
Gravitino Pair Production
For the sake of completeness, we list the four invariant
amplitudes relevant in the calculation of gravitino pair
production via photon collision,
iMPhotino = i
4M2P
α1 
β
2 p
κ
1p
λ
2
× ψ+µ(k2)σακγµ /
q
1
−mγ˜
q21 −m2γ˜
γνσβλψ
− ν(k1)
+
i
4M2P
α1 
β
2 p
κ
2p
λ
1
× ψ+µ(k2)σβκγµ /
q2 −mγ˜
q22 −m2γ˜
γνσαλψ
− ν(k1) ,
(B1)
iMGraviton = 1
2(p1 + p2)2M2P
(
(1 · 2)pλ1pρ2
+
1
2
(
(p1 · 2)(p2 · 1)− (p1 · p2)(1 · 2)
)
ηλρ
+ (p1 · p2)λ1 ρ2 − (p2 · 1)ρ2pλ1 − (p1 · 2)pλ2 ρ1
+ (ρ↔ λ)
)
× ψ+µ(k2)
[
µσν(λγ
5γρ)(k2 − k1)σ
+
i
2
µσν(λγ
5
{
γσ, σρ)τ
}
− 2im3/2(2ηµ(ληρ)ν − ηµνηλρ)
]
ψ− ν(k1) ,
(B2)
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iMScalar =
icdm3/2
M2P
1
2(p1 + p2)2 −m2S
× α1 β2
(
(p1 · p2)ηαβ − pβ1pα2
)
× ηµν ψ+µ(k2)ψ− ν(k1) , (B3)
iMPseudoScalar = − icd
2M2P
1
(p1 + p2)2 −m2P
× α1 β2 pκ1pλ2 κλαβ (p1 + p2)ζ µδνζ
× ψ+µ(k2)γδψ− ν(k1) , (B4)
where qi = pi−k2. Here the notation is the same of [22].
Single Gravitino Production for trilinear RPV
Here we give the invariant amplitude for single grav-
itino production via photon collision in presence of trilin-
ear RPV. The effective photon-photino-neutrino vertex
used in this calculation is given in [70]. Adopting the
same notation of [70], we find
iMi =
∑
j
[ √
2
(4pi)2
1
2MP
λˆijjgfj tn(g
(1)
f˜j,R
− g(1)
f˜j,L
)
× sin θfj cos θfjei(δfj−θn/2)
∫ 1
0
dz
z
zq21 −m2f˜2j
× α1 β2
(
νi(k1)/p1/q1γαPL
/q1 +mγ˜
q21 −m2γ˜
γµσβρp
ρ
2ψ
−µ(k2)
+ ((p1, α)↔ (p2, β))
)
− (m2
f˜1j
↔ m2
f˜2j
)
]
(B5)
where qi = pi − k1. Here iMi is the invariant amplitude
for the process γγ −→ νiG˜, where the index i labels the
flavor of the final state neutrino. In Eq. (B5) we sum
over the flavor of the fields in the loop. In addition, we
denote the trilinear coupling constants by
λˆ ≡
{
λ for the charged lepton-slepton loop ,
λ′ for the down-type quark-squark loop .
and introduce the gauge coupling gf ≡ Qfe, where Qf
is the electric charge of the fermion-sfermion pair in the
loop. In the invariant amplitude, the additional gauge
couplings g
(1)
f˜j,R
and g
(1)
f˜j,L
are given by
g
(1)
q˜L
=
1
6
e
cos θW
, g
(1)
d˜R
=
1
3
e
cos θW
,
g
(1)
l˜L
= −1
2
e
cos θW
, g
(1)
e˜R
=
e
cos θW
.
We also introduce the constants tn = Qfnc, where nc is
the number of colors. Finally, the sfermion mixing angles,
CP phases, and masses are donated by θfj , δj , mf˜1j and
mf˜2j , respectively.
Single Gravitino Production for bilinear RPV
We conclude with the invariant amplitude for single
gravitino production via photon collision in presence of
bilinear RPV. Using the notation of [22], we find
iM = gZ〈ν˜〉Uγ˜Z˜
8
√
2MPmZ
α1 
β
2 u¯(k2)V
γνν
β (p
2
2)
× /p1 −
/k1 +mν
(p1 − k1)2 −m2ν
(1 + γ5)γν [/p1, γα]ψ
µ(k1)
+ ((p1, α)↔ (p2, β)) . (B6)
where V γννµ (q
2) is the photon-neutrino-neutrino vertex,
which at one loop is given by
V γννµ (q
2) = fQ(q
2)γµ − fM (q2)iσµνqν + fE(q2)σµνqνγ5
+ fA(q
2)(q2γµ − qµ/q)γ5 . (B7)
The functions fQ(q
2), fM (q
2), fE(q
2) and fA(q
2) are
the charge, magnetic dipole, electric dipole and anapole
neutrino form factors, respectively. At zero momentum
transfer, i.e. q2 = 0, they are strongly constrained by
observations [72]:
fQ(0) < 10
−13 ,
fM (0), fE(0) < 10
−5 GeV−1 ,
fA(0) < 10
−6 GeV−2 . (B8)
Evaluating Eq. (36), we assume Uγ˜Z˜ ≈ mZ/M1/2, with
M1/2 = O(100) GeV.
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